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ABSTRACT 


The biphasic mineral nutrition of Potamogeton pectinatus was 
examined in relation to the ability of the roots to mobilize N, P, K, 
Sy C0. » Ca, Mg and several micronutrients from the sediment phase to 
the shoots in the absence of one or more of these nutrients from the 
water phase. Stock cultures of vegetative cuttings of a clone of 
P. pectinatus were grown in a modified Pringsheim's solution at Bin G 
in constant light. Two or ten cuttings of these stock culture plants, 
selected for uniformity, were used per experiment. The cuttings were 
transplanted to containers of pasteurized lake sediment. A barrier 
layer of acid-washed sand was placed on top of the sediment to 
inhibit diffusion of nutrients into the water phase. The clonal 
transplants were grown for five weeks at 26°C with a 16-h day at 
BOONE ESSEC n. in white, 20-1 pails or 750-1 fibreglass tanks. The 
primary data collected consisted of biomass production and shoot 
nutrient concentration values in relation to the presence or absence 
of various nutrients in the water phase. Subsidiary data on shoot 
morphology, flower production, and survival rate of plants were also 
recorded. 

The results indicated that the roots of P. pectinatus were capable 
of mobilizing sufficient amounts of some but not all of the essential 
elements for normal growth from the sediment to the shoots. Sufficient 
amounts of P, S, N and micro-nutrients were mobilized by the roots 
from the sediment. Potassium was mobilized in sufficient amounts 
from three different sediments to fulfill growth requirements but not 


to satisfy a more generalized secondary requirement, possibly related 
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to anion neutralization. In the absence of K from the water phase 
Na appeared to be an adequate, equimolar replacement for this 
secondary requirement. 

The roots of P. pectinatus were not capable of mobilizing 
sufficient CO,» Ca, or Mg from the sediment to the shoots for normal 
growth requirements. These elements must be supplied in whole or in 
part from the water phase. It was found that 2 ppm Ca, 10 ppm Mg, 
and 0.5 meq HCO., in the water phase was sufficient for normal growth 
under the experimental conditions used. In addition, it was found that 
a critical concentration of Ca was necessary in the water phase to 
protect the shoots from the toxicity of other divalent cations when 


present in the water phase in significant concentrations. 
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INTRODUCTION 


Submerged aquatic vascular plants such as Potamogeton pectinatus 
L. are ecologically adapted to grow with their roots buried in the 
anaerobic sediment phase and their shoots submerged in the aerobic 
water phase. Mineral nutrients for the growth of these plants are 
potentially available from both the sediment and water phases. The 
relative contributions of these two distinct phases to the mineral 
nutrition of submerged aquatic plants is a topic which has been long 
examined by researchers (for early work see Arber, 1920). 

Historically, research has focused on root function. The 
earliest stated hypothesis was that roots function only as holdfasts, 
having no role in mineral nutrient uptake (Arber, 1920; Shannon, 1953). 
The shoots were assumed to be the only site of mineral nutrient 
absorption. This viewpoint was supported by the structural observations 
of reduced roots, reduced vascular systems, and thin leaves lacking 
cuticles in submerged aquatic plants. Shannon (1953) challenged this 
view by demonstrating the existence of root hairs in a wide range of 
aquatic macrophytes. However, the assumption of such strict structure- 
function relations is unwarranted without supporting experimental 
evidence. 

These early statements concerning the function of roots and shoots 
were first examined experimentally by Pond in 1905. He grew compar- 
ative biphasic cultures of several submerged aquatic plants rooted in 
soil, rooted in sand, anchored over soil, and anchored over sand, al] 
in lakewater. The results clearly indicated for the species tested 


that the lack of a nutrient-rich rooting medium significantly 


decreased growth. Snell (1908) got the same results using similar 
methods. He stated that roots absorb and translocate mineral nutrients 
and that leaves can absorb nutrients under certain conditions. However, 
Brown (1913) obtained results in direct opposition to Pond and Snell, 
concluding that roots function chiefly by anchoring plants near the 
sedimentary CO, source. These latter results may be explained by the 
fact that Brown used soft water with a low alkalinity (Hutchinson, 1975) 
so that the plants used were CO,-starved and the results were artifacts 
of his conditions. Bourn (1932) clarified these opposing views by 
Strictly controlling the water phase C0, and 05 concentrations in his 
cultures. His results agreed with those of Pond and Snell and can be 
summarized as follows: loss of a nutrient-rich substrate markedly 
decreased growth; the water phase composition can also affect growth; 
the response to different phase distributions of nutrients is species- 
specific. 

The early work of Pond, Snell and Bourn has been confirmed 
recently by Mulligan and Baranowski (1969), Mulligan, Baranowski and 
Johnson (1969, 1976), and Denny (1972) using essentially the same 
culture methods. In addition, Denny (1972) has shown that the species- 
specific response is related to structural features such as vascular 
differentiation and degree of submergence. He has also suggested that 
the major site of absorption is facultative and may change according to 
relative nutrient concentrations in the sediment and water phase. 

Examining biphasic nutrition from another direction, Moyle (1945), 
Spence (1967), Seddon (1972), and Pip (1979) have shown that correla- 
tions exist between water-phase chemical parameters and plant 


distributions. These correlations imply that some factor in the water 
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phase affects the competitive ability of submerged macrophytes which 
further suggests the importance of the shoots in some aspect of the 
plants' mineral nutrition. Moyle (1945) has divided the aquatic flora 
of Minnesota into softwater, hardwater, and high-sulfate-water species. 
He states that each species has its own particular set of water-phase 
conditions for optimum growth. Spence (1967) has examimed the Lochs of 
Scotland and found two distinct associations correlated with alkalinity 
and pH. He states that water chemistry is the primary determinant of 
plant distribution. Seddon (1972) has examined growth correlations with 
the degree of water hardness and with conductivity. Pip (1979) has 
found correlations between growth and a number of parameters, the most 
important being alkalinity. However, no workers have found consistent 
correlations with concentrations of nutrients such nitrogen, phosphorus, 
or potassium, in the water phase. 

The studies cited have shown that both the roots in the sediment 
and the shoots in the water phase are important in supplying mineral 
nutrients to submerged macrophytes and have adequately dispelled the 
notion of roots serving only as anchors. They have also indicated that 
the relative contributions by the two phases are species-, and perhaps 
Situation-, specific. The studies cited have not, however, defined 
precisely the relative roles of roots and shoots in nutrient uptake. 

To understand the nature of biphasic nutrition in greater detail 
specific experiments are required involving the examination of each 
nutrient individually and its ability to be absorbed and translocated 
by the roots and/or shoots. 

Uptake kinetics for roots and/or shoots of submerged macrophytes 


have been studied for sulfate (Jeshke and Simonis, 1965), phosphate 
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(Jeshke and Simonis, 1965; Mickle, 1975; and Smith, 1978), and 

potassium (Jeshke, 1970; Mickle, 1975), Jeshke, (1970) and Jeshke and 
Simonis, (1965) using excised Elodea sp. leaves, have found sulfate, 
phosphate, and potassium uptake to be dependent on light, temperature, 
and concentration. Mickle (1975) has shown that the uptake of phosphate 
and potassium by excised roots and shoots of several aquatic species 
Occurs and is concentration-dependent. Mickle concludes that the 
relative contribution of the roots in the sediment and the shoots in the 
water depends on the root/shoot ratios and the distribution of nutrients 
in the two phases. Smith (1978) has found that phosphate absorption by 
roots and shoots of Myriophyllum spicatum is light-, temperature-, and 
concentration-dependent. He concludes that for most of the year 
phosphorus uptake by the roots is more significant than shoot uptake. 
These kinetic studies indicate that active shoot assimilation can occur 
for potassium, sulfate, and phosphate and that active root assimilation 
can occur for potassium and phosphate. 

Studies using various other methods have also been carried out. 
Bristow and Whitcombe (1971), using a method adapted from Frank and 
Hodgson (1964), separated the roots and shoots of M. spicatum into two 
compartments. The application of radiophosphorus into either compart- 
ment allowed detection of not only short-term absorption, as in the 
kinetic studies, but also short-term translocation in either direction. 
They concluded that the roots are the dominant site of phosphorus uptake 
with acropetal transport from the roots being far more significant than 
basipetal transport from the leaves. Since then, using other species, 
Schults and Malueg (1971) and Twilley, Brinson, and Davis (1977) have 


supported this view. McRoy and Barsdate (1971), on the other hand, have 
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reported that phosphorus is taken up either by the roots or shoots and 
transported throughout the plant. These latter findings have been 
Supported by the work of Demarte and Hartman (1974), Gentner (1976), 
and Welsh and Denny (1979). Other nutrients have not been studied as 
extensively. A limited number of uptake studies using calcium 
(Demarte and Hartman, 1974), iron (Demarte and Hartman, 1974; Gentner, 
1976) and nitrogen (Toetz, 1973, 1974; Cole and Toetz, 1975; Nichols 
and Keeney, 1976) have been carried out which indicate that both root- 
and shoot-uptake occurs with variable amounts of translocation. 
Wium-Anderson (1971) has examined C0, uptake for Lobelia dortmanna 
using this compartmentation method. The results indicate that L. 
dortmanna, which exists in softwater of low alkalinity, obtains all of 
its needed CO, from the sediment via its large roots and extensive 
lacunar system. This would seem to be a special case and, indeed, 
Martin, Bradford and Kennedy (1970) have shown with a series of 
experiments that Najas flexilis, which occurs in water of higher 
alkalinity, must obtain its required C0, from the water phase. 
Finally, in an elegant sophistication of this compartmentation 
method, several researchers have recently cultured plants for extended 
periods of five weeks or more. This method allows the determination of 
the relative contribution of the roots under variable water-phase 
nutrient concentrations or the absolute ability of the roots to mobilize 
specific nutrients. In this way Bole and Allan (1978), Carignan and 
Kalff (1980),and Barko and Smart (1979, 1980, 1981) have been able to 
demonstrate that phosphorus is obtained exclusively from the sediment 
via the root system. In particular, Carignan and Kalff (1980) grew 


nine species of submerged aquatic plants in lakes of increasing trophic 
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status and showed that even at the highest water phosphate concentration 
the macrophytes obtained greater than 70% of their phosphorus from the 
sediment. Barko and Smart (1981), Barko (1982) have extended this 
method to the study of nitrogen and potassium and have concluded that 
nitrogen, like phosphorus, can be obtained entirely from the sediment 
but that potassium must be obtained, at least in part, from the water 
phase. 

As a general conclusion it is evident, although until recently 
still contested (Sculthorpe, 1967), that both the roots in the sediment 
phase and the shoots in the water phase are important to the mineral 
nutrition of submerged aquatic macrophytes. Both root and shoot 
absorption and translocation have been shown to occur for most nutrients 
Studied. Further, it appears that submerged aquatic macrophytes are 
opportunistic and dynamic in assimilation of mineral nutrients and that 
different species exhibit differences in assimilative abilities. 
However, except for phosphorus and, to a limited extent, potassium and 
nitrogen, the relative contribution by the two phases of other essential 
nutrients to the mineral nutrition of submerged aquatic macrophytes is 
unknown. Whether roots are capable of supplying all or only part of 
the specific mineral nutrient requirements to the shoots and vice-versa 
has not yet been fully elucidated. 

It is the purpose of this research to examine this aspect of the 
biphasic mineral nutrition of aquatic macrophytes by maintaining a 
barrier between the roots and shoots of Potamogeton pectinatus L. and 
determining, under standardized conditions, which nutrients must be 
supplied via the shoots from the water phase and which can be supplied 


via the roots from the sediment phase in order to xhieve normal growth. 
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METHODS 


The plant used in this study was a clone of the aquatic, 
Potamogeton pectinatus L., a suDmerged monophyllous monocot of the 
family Potamogetonaceae. Experiments consisted of a standardized 
biphasic culture method in which vegetative cuttings of P. pectinatus 
were rooted in a standard sediment (one of three tested) while the 
water-phase nutrients were altered. Growth responses were measured 
after a standard time interval. 

To guarantee an adequate year-round supply of P. pectinatus for 
experimental use stock cultures of vegetative cuttings were established 
from a single winter bud which was freed of algae and most bacteria by 
the hypochlorite method (Wetzel and McGregor, 1968). The vegetative 
cuttings were grown at a constant 21 + 1°C as monophasic, uniplant 
cultures under continuous cool white fluorescent light of approximately 
200nE mc sec (Plates 1 and 2). The culture medium was that of 
Pringsheim and Pringsheim (1962) modified by the addition of 0.1g. ia 
Tris (hydroxymethyl) aminomethane, pH 8.0 (Appendix 1). The culture 
vessels were 125 ml erlenmeyer flasks containing 75 ml of autoclaved 
medium. Plants were subcultured every 10-12 weeks by subdivision of 
stolons between rooted nodes. This was done aseptically in a shallow, 
sterilized dish in a laminar flow hood using an alcohol-sterilized 
Scalpel. 

Biphasic culture experiments were carried out in a controlled 
environment room set at a constant 26 + 1° with photosynthetical ly 
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active radiation (PAR) supplied at an intensity of 350uE m- peel as 


measured at the top of the growth containers by a Licor model Li-185A 
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Plate 2. Stock cultures of vegetative cuttings of a 
clone of P. pectinatus on illuminated shelves 
in a 219C culture room. 
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quantum meter (Lambda Instrument Corp.) equipped with an underwater 
sensor. Illumination was provided in a 16-h photoperiod by an overhead 
bank of eighty, 96-in. cool white VHO fluorescent, and forth-eight 
150-W incandescent lamps. 

Plants were grown in two types of containers. The principal 
containers were four 750-1 tanks 69 cm x 114 cm x 113 cm high, made of 
white epoxy-coated fibreglass (Plate 3) and the second type were 20-1 
pails, 43 cm high, made of opaque, white plastic (Plate 4). Solutions 
in both types of containers were mixed by aeration using Pyrex fritted 
glass aerators or, in some cases in the tanks, by temperature-regulating 
Stirrers (Frigid Units Ines, Toleda. Ohio) {Plate 3). The stirrers 
were replaced by fritted glass aerators when the former began to corrode, 
causing a significant decrease in plant biomass production. 

Sediments from three sources were tested to insure that the results 
were not entirely due to the standard sediment used. These were obtained 
from an irrigation canal near Vauxhall, Alberta and from profundal 
locations in Lake Wabamun and Cooking Lake, Alberta. The standard sedi- 
ment adopted for comparative nutrition experiments was from the location 
in Lake Wabamun (in Kapasiwin Bay, midway between Point Alison and 
Indian Point). The sediments were characterized by analysis for K, Na, 
Ca, Mg, N, P and particle size using standard procedures (Table 1). The 
analyses were done by the Alberta Agriculture Soil and Feed Testing 
Laboratory in Edmonton. Sediments were heated to 60°C to Suppress 
contaminating algae in a Thelco Model 28 Precision Scientific oven. When 
cooled, approx. 200 ml of pasteurized sediment was placed into 285-ml 
Styroware plastic cups and allowed to settle at room conditions for 3-7 
days before being planted. Ten planted sediment containers were used per 


tank and two were used per pail experiment. The resultant water: sediment 
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750 - 1 fibreglass tanks equipped with temperature- 
regulating stirrers. 
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Plate 4. 


20 - 1 plastic pail with a pair of two-week-old 
plants. 
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TABLE 1 


Characterization of Lake Wabamun, Cooking Lake, agile Canal 
Sediment. Texture and organic matter are expressed as % dry wt., 


nutrients as ppm dried sediment. 


Sediment 
Parameter L. Wabamun (WwW) J="Canaill (eke) Cooking L. 
Sand Ogee 63.2 
Sule 34.8 24.8 
Clay i220 F238) 
Organic Coe0 eo 3827 
Na 640.2 O73 4151.0 
K 453.4 T4925 1080.0 
Ca 4773.0 2937.0 aes 
Mg 1080.0 444.7 2766.0 
NH, -N {LAS brie Sys) 
PO,-P ee OF 3.0 
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v/v ratios were 375:1 and 50:1, respectively. 
The standard experimental water-phase medium and conditions were 


as follows: 16ppm kK’; 1.5ppm NO> - N; O.Oppm P; 20ppm fa" 10ppm pees 


3 
13 ppm su, - S; 25ppm Na’; conductivity 350 ymhos. cm | and a 
micronutrient concentration (containingFe, Zn, Mn, Co, Cu, B, and Mo) 
at one-tenth that of the Wetzel II medium (Wetzel and Manny, 1972). 


The temperature was ieee the alkalinity 0.5 meq. 17! 


HCO; and the pH 
8.0+0.3. The water used throughout was distilled and further purified 
by passage through a Barnstead organic filter followed by a Barnstead 
cation filter. Before using the purified water 29-1 was first passed 
through the two filters and discarded. Careful records of consumption 
were kept and expended filters were replaced according to the manu- 
facturer's instructions. 

Experiments were initiated by transplanting to the settled sediment 
in each of the plastic cups one aseptically grown P. pectinatus plantlet 
having 2-8 leaves and a healthy root system. A standard 
curve relating leaf number to plantlet dry weight was used to determine 
initial mg. dry weight of each plantlet (Fig. 1) which varied from 
3.8 - 5.4 mg throughout. The inoculated sediment was then covered with 
a 2.5-cm layer of 20-30 mesh acid-washed Ottawa sand. Sand layers like 
this have been shown by Hynes and Grieb (1970) to greatly decrease 
diffusion of ions from the sediment into the water phase. Finally, the 
planted containers were rinsed with distilled water, placed into the 
tanks or pails filled with various water-phase nutrient formulations, 
and allowed to grow for 35 days. Transplants that did not survive were 


not included in the biomass analyses. 
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Figure 1. Dry weight vs. number of leaves for cultures 
of P. pectinatus grown at constant light and 
temperature conditions in 125 ml erlenmeyer 
fhasks.: 


mg. dry wt. 


Leaves 


The water-phase media were replaced weekly in the pails to maintain 
test conditions. To monitor test conditions in the tanks, water-phase 


analyses were performed weekly for NO. by the phenol-disulfonic acid 


Z 
4 


(Standard Methods, 1971), K+ and Na+ by flame photometry, Oe and Mg 


method (Standard Methods, 1971), SO, by the turbidimetric method 


or 


by atomic absorption, PO", by the molybdenum blue method of Mackereth 
(1973), pH by a Beckman model 72 meter, and conductivity and temperature 
by a YSI model 33 meter. In the tanks, water levels were maintained by 
addition of the filter-purified distilled water since the solutions were 
not changed. Tanks and pails were acid-washed and rinsed with the 
purified water between experiments. 

After 35 days, the plants were harvested and separated into above- 
and below-ground portions. Both roots and shoots were then rinsed with 
distilled water, dried at 70°C for 24 hours and weighed. Ancillary 
data on flower production, shoot morphology and % plantlet survival 
were also reported. Oven-dried shoots were later ashed at 550°C for Th 
to determine ash-free dry weight (% organic matter). The ash was then 


dissolved in 1 part HNO. to 4 parts water (Anderson, Brown and Rappleye, 


5 
1966) and analyzed for ue and Mg?* by atomic absorption, Na’ and K 
by flame photometry, and PO”, P by the ascorbic acid method (Standard 
Methods, 1971). A separate Kjeldahl digestion of dried plant material 
was used for analysis of total N. This was done by Chemical and 
Geological Laboratories in Edmonton. 

Data were analyzed using Student's t-test except for analysis of 


variance done for Table 3 (sediment pasteurization effects) and Table 5 


(sediment types). Standard Errors of the means are presented throughout. 
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RESULTS 


The results are organized into four sections. The first is a 
validation of the method used in which the effects of sediment pasteur- 
ization on P. pectinatus L. growth and the efficacy of the sand barrier 
in separating the sedimentary nutrients from the water phase are 
examined. The second section consists of a nutrient survey in which the 
effects of removing specific water-phase nutrients on P. pectinatus 
growth and nutrient concentrations in the shoot are examined and 
compared to a standard nutrient formulation and a distilled water 
treatment. The third section is an examination of the importance that 
season, sediment, and inocula have in altering the results obtained in 
the preceding nutrient survey. In the fourth and final section there 
is a further elucidation of the nutrient survey results; the minimum 
water-phase nutrient requirements and the water-phase apoplastic 
calcium requirements of P. pectinatus are presented. 

A brief summary of the water-phase chemical analyses is presented 
in Table 2. The measured amounts of absent nutrients were near or 
below the minimum levels of detection, or analytical zero, indicating 
a virtually complete lack of each of those nutrients in the water phase. 
Furthermore, the values in Table 2 were averages of determinations made 
throughout each 5-week test period as no noticeable changes in nutrient 
concentration occurred through any one experiment. The data from Table 2 
indicate that the highly purified water, the 2.5-cm sand barrier, and 
the large water: sediment v/v ratios were effective in controlling both 
the initial water-phase nutrient concentrations and the nutrient 


concentrations throughout each test period. 
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TAREE Se 


Water-phase chemical analyses in relation to experimental nutrient 


status. Means are based on 3 to 5 determinations. 


'hutrient (ppm element) 


Nutrient PO,-P K SO,-S Na NO,-N Ca Mg Conduct- 
Status ivity_, 
(umhos. cm.) 


Standard 0.0 oe Teg Zono 31 T238 Oa Bai 
au 

0 0.0 0.0 0.0 4.6 0.0 0.0 G20 15 
-P-N 0.0 0.0 344 
-P-mi 0.0 340 
-P-Mg 0.0 0.0 280 
-P-S 0.0 0.0 280 
-P-K 0.0 Os) 286 
-P-Ca 0.0 0.4 256 


Vi nium levels of detection (ppm): PO,-P, 0.002; Na, K, 0.2; Ca, Mg, 
Ol: NO.-N, 0.02; S0,-S; 0.2. Values ‘below these are reported as 0.0. 
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The effects of sediment pasteurization on the growth of P. pectina- 
tus are reported in Table 3. There were no significant differences in 
biomass production between the four treatments. There were also no 
Significant differences in shoot morphology, flower production, or 
Survival rate between the four treatments. 

Phosphorus was left out of the water phase in all treatments to 
control water-phase algal growth since Bole and Allan, 1978; Carignan 
and Kalff, 1980; and Barko and Smart, 1979, 1980, 1981 have conclusively 
proven that PO, can be adequately mobilized from the sediment by the 
roots for shoot requirements. The test with just P deleted from the 
water phase, designated -P in Table 4, is thus the standard for 
comparison. P. pectinatus plants grown in this standard -P water-phase 
solution impressively increased their biomass up to 250 times the init- 
ial weight in 35 days (Plate 5), a doubling time of approximately 4.5 
days. The plants in the -P standard treatment were healthy with a 
shoot morphology much the same as those found in natural conditions 
except for a lack of noticeable epiphytic algae or marl encrustations. 
The plant growth was highly stoloniferous (Plate 6), allowed by the 
non-rigid sand barrier. Most of the plants flowered, producing an 
average 1.5 inflorescences g! (Figure 2), and grew to the water 
surface, 96 cm in the tanks, in the 5-wk incubation period. Eighty 
percent of the plantlets survived the initial planting in the -P 
standardetests(e1ds.c). 

In contrast to the -P standard was the distilled water treatment 
in which all nutrients were removed from the water phase, (designated 
"0" in Table 4). The biomass accrual was minimal in this treatment, 


no flowers were produced, and the plants appeared a pale green. 
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TABLE 3 


Biomass production (mg. dry wt. +5S.E.) of Pe pecvinatusei) a 
Standard -P nutrient solution in relation to conditions of sediment 


pasteurization. n = number of plants. 


Biomass 
Floral 
Pasteurization (iigier clisvarw tomcee Se bes) n Clusters 
1 x 60°C 780 + 88 6 ] 
(Standard) 
2x 60-6 898 + 158 4 3 
L Occ DOG li G 5 12 


none 1037164 5 4 
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TABLE 4 


Biomass (mg. dry wt. + S.E.) after five weeks growth in relation to 


water-phase nutrient status and season in which plants were grown. 


Biomass. (MGs dry wie S.e. 


Nutraent Fall - Winter Spring - Summer 
Status Initial Final Initial Final 
fe ‘i, 9 788 + 88 5.4 1361 + 136 
o! 4.6 19 293 4.4 ltl. . 32 
spect 4.6 979 + 178 4.7 1185 + 129 
-P-K 3.9 9358 4 56 4.3 1081 + 190 
-P-Mg 4.7 2420 + 94 5.0 4440 + 81 
-P-mi 4.2 7o5eeni oe 

-P-N 5.3 648 + 80 

eps ta 4.4 i 5.0 x4 
AVG 546 1071 


loi stilled water treatment. 


en "-" indicates the absence of a nutrient from the water-phase. 


orn =EMVGrOnuUbit ents 


4 = All plants died. 


Values significantly less than lower (-P) standard and significantly 
greater than distilled water treatment at the 5% level using student's 
t-test. 
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Plate 5. Plants of 2B. spectinatus in@Styrowdre plastic cups 
containing Lake Wabuman sediment with a sand layer 
on top showing the transplant (left) and harvest 
(right) stages. 
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Plate 6. Typical young, established P. pectinatus transplant 
showing root development in sediment and stoloniferous 


growth habit. 
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Figure 2. Flower production and percent survival of 
P. pectinatus in relation to water-phase 
nutrient status. 
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There was, however, no decrease in % plantlet survival as compared to 
the -P standard. 

The removal of N, S, or the micronutrients (mi) along with P from 
the water phase had no significant effect on plant biomass production 
(Table 4), flowering, plantlet survival (Fig. 2) or shoot morphology as 
compared to the -P standard. The removal of K from the water phase, 
however, did affect the growth of P. pectinatus. Biomass production was 
Significantly less than the -P standard in one of two replicates (Table 
4), though still significantly greater than the distilled water treat- 
ment. Flowering was also reduced, from an overall average of 1.6 
inflorescences g dry weight to a value of 0.6 (Fig. 2) and the survival 
rate of the plantlets decreased slightly from an average of 80% for the 
-P treatments to 64% for the -P-K treatment (Fig. 2). The shoot 
morphology of the plants in the -P-K treatment was the same as in the 
-P standard. 

The removal of Mg from the water phase also affected growth. 
Biomass production was significantly less than the -P standard in both 
replicates though still greater than the distilled water treatment 


dry weight, 


(Table 4). Flowering was reduced to 0.7 inflorescences g_ 
but plantlet survival was unaffected (Fig. 2), as was shoot morphology. 

The removal of Ca from the water phase produced the most drastic 
effect on the P. pectinatus plantlets. In the -P-Ca treatment the 
plantlets died within 4-6 days of planting, turning dark brown and 
gradually disintegrating (Fig. 2, Table 4). 

In addition to the cited biomass and related data, nutrient 
analyses of shoots were performed. Data are averages calcualated in 
the presence (+) or absence (-) of specified nutrients (Figs.3 and 4). 
These analyses provide, in conjunction with the preceding biomass data, 


an indication of the ability of the roots to mobilize nutrients which 


os 


i 
a 
Van 

» 


ran 
2 (atte > 


- 


Rai: wit 
mans idingts 
soleugtas deedtt-ve Ub pete leila’ =8Gnetg ae 
i a honet? Oo i we ad? evebaaga: a _" 


Srtet pte ania Uta ery 
ali bobbed a2eears annie 


ie = 08 zeten{iong:.) to chery eds 2osyTs OF 
S'S)?’ os ot ta dg 2 Geeabeagy Oar odd cook yi 
(aret y534+ sees ant -wreoe “risa? nere rVtow ah 

16 ie oe4q¥ cabuiies ealeo eeu Forts 
er aewns | 3) Te bn welae bey eis Pek ml 


. » 
vib. «i uf ‘60 uaa, oFel sen ig: = if 
; | . on 

f! ariispaqney | se <0 ene 
ait ra a4 ri The | LT vat 


‘ is _, 


. ’ 
oa Bde 4 <a “34 * art em . 


‘ya 4 . : 7 we ® - eit SoA her taba el 
- ii ani oe ee 


i) 2 - i 4 a F : Whe ts Savy | nea & yf etch ? n 


t 7 TP OAD 28 
Ty on so . 
ee eae 
Sip he : a? aera |! am -@ sidiwtdee 


ce ees) 229%) evleerpeeniaie-g 


Tiisee , <p. CRAs eters eots ots ars “ 


—- peta a2 e@= ims o8e0 BORNE: 


Figure 3. Nutrient concentrations of P. pectinatus shoots 
grown under defined conditions for five weeks 
in the presence (+) and absence (-) of specified 
water-phase nutrients, compared to averages reported 
(1) by Hutchinson (1975) and critical concen- 
brarions reported (2} by Gerloff and Krombholz 
1966). 
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Figure 4. 


Nutrient concentrations of P. pectinatus shoots 
in the presence (+) and absence (-) of specified 
water-phase nutrients as compared to averages 
(1) reported by Hutchinson (1975). The % 
Organic figure is an average for all treatments. 
The Na data is expressed in terms of the 
presence (+) or absence (-) of water-phase K. 
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are absent from the water phase to the shoots and also indicate possible 
effects of interactions among nutrients absent from the water phase 
and those still supplied on the resultant nutrient concentrations in 

the shoots. 

The total P content of the shoots ranged from 2.2 to 4.8 ing qi 
dry wt. for all treatments. The average content was 3.2 mg gi! (ist aaees) 
somewhat lower than the value of 4.5 mg g! reported by Hutchinson 
(1975), but well above the critical value of 1.3 mg gq” stated by 
Gerloff and Krombholz (1966). There were no consistent differences in 
total P content between treatments. 


The total N values ranged from 25.7 - 35.2 mg gq”! 


dry wt., the 
average being 31.1 mg g (Fig. 3). These values are very close to 
the average of 27.3 mg al reported for field-grown plants by Hutchinson 
(1975). There were no significant differences between treatments. All 
total N concentrations were well above the critical concentration of 
13 mg g7! suggested by Gerloff and Krombholz (1966). 

The % organic matter of the shoots ranged from 80.2 to 88.7 with 
an average of 85.5% (Fig. 4). This is close to the value of 79.9% 
reported by Hutchinson (1975) for field-grown plants. There were no 
consistent differences in % organic matter between treatments. 

The range in shoot concentrations of Ca for all treatments was 
FROM De BuO Uso nd g but there were no consistent differences in Ca 
concentration between treatments. The average value was 7.9 mg a 
(Fig. 3), less than half the average of 17.0 ing g7! reported by 
Hutchinson (1975), which may be explained by the fact that Ca determin- 


ations are highly variable under natural conditions due to the problem 


of marl encrustation. There were no marl deposits visible on the 
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P. pectinatus plants in these experiments. No nutrient analyses were 
done for treatments lacking water-phase Ca as no plants survived in 
the -P-Ca treatment. 

The concentration of Mg in the shoots varied from 1.4 to 4.1 mg 
g dry wt. with an average of 3.2 (Fig. 3). This is virtually the same 
as the average of 3.3 mg g! reported for naturally grown plants 
(Hutchinson, 1975). Significantly, the lowest shoot Mg concentration 
was found for plants grown in the -P-Mg treatment. The average for the 
-P-Mg treatment of 1.7 mg gu! was just over half the average for all 
treatments (Fig. 3). 
The shoot concentrations of K and Na varied from 2.4 to 72 mg g! 
andeo.3 to 3o.87mg ane respectively. An average of 25.9 ing nm! for K 


and 6.6 - 


for Na has been reported for naturally grown submerged 
macrophytes by Hutchinson (1975). The large variability of Na and K 
concentrations in the shoots were entirely consistent with the removal 
or addition of K to the water phase in which P. pectinatus plants were 


grown. The average shoot K and Na concentrations were 53.9 and 9.4 mg 


g’!, respectively, for all treatments containing K in the water phase 


] ] 


(Fig. 4). This shifted significantly to 10.6 mg g K and 30.0 mg g 
Na upon the removal of K from the water phase (Fig. 4). This becomes 
even more interesting when the K and Na shoot contents are expressed in 
mmoles a. dry weight, whereupon the average shoot K and Na concentra- 
tions are 1.4 mmoles g! and 0.4 mmoles Gaus respectively for treatments 
containing water-phase K (Fig. 5) and 0.3 mmoles g! and 1.3 mmoles gun 
respectively for treatments lacking water-phase K. On a molar basis the 


K content of the shoots is largely replaced by Na ions when necessary to 


maintain a constant internal monovalent cation milieu. 
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Figure 5. Concentrations of Na and K (mmoles ay in 
Shoots of P. pectinatus in the presence 
(+K) and absence (-K) of water-phase K. 
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The degree to which the above nutrient survey results may have been 
altered by factors other than water-phase nutrient content, such as 
sediment, season, and inocula was of some interest. 

There were significant differences between the biomass production 
of those plants grown the the fall-winter period and those grown in the 
Spring-summer period (Table 4). The average biomass in the fall-winter 
period was only 50% of that produced in the spring-summer period 
(Table 4). These seasonal differences were consistent through two 
summers and two winters of experiments. They occurred even though the 
plantlets used for the experiments had been cultured under constant 
light and temperature conditions for more than a year and even though 
the experiments themselves were conducted under standard light and 
temperature conditions. Because of this seasonal periodicity only the 
fall-winter -P biomass of 780 mg (Table 4) was used as the standard 
for determining reductions in biomass production for the various treat- 
ments. 

To determine if the nutrient survey results were in part sediment- 
related, three sediments were tested and compared using the -P-Ca and 
-P-K water-phase treatments. The sediments from Wabamun Lake (W.), Jd. 
Canal (J.C.) and Cooking Lake (Co.) differed widely in organic content 
(Table 1) with W. sediments being intermediate. W. sediment contained 
about twice the Ca of J.C. and Co. sediments and an intermediate amount 
of K which varied ten-fold between the three (Table 1). There were 
no obvious nutrient deficiencies in the three sediments. 

For the -P-K treatment these were no significant differences in 
P. pectinatus biomass production among the three sediments, though 


there was a negative relationship between plant biomass and sediment 
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organic content as Barko (1982) has recently found (Table 1 and 5). 
After 5 weeks growth the plants in the -P-K treatment had reached the 
water surface of the tanks and produced flowers. Shoot morphology and 
Survival rate were similar among the three sediments (Table 5) and 
indistinguishable from the plants in the -P standard treatment (Table 4). 
After ten weeks growth the plants had spread out in a mat on the water 
surface and had successfully produced seeds (Plate 7). The plants 
produced only 0.7 inflorescences g7! dry weight, (Table 5), comparable 
to the value obtained for the -P-K treatments in Fig. 2. There were 

no large differences in flower production among the three sediments. 

The removal of water-phase Ca proved toxic to P. pectinatus on all 
three sediments (Table 5), identical to the yesullts in Tablew4: 

When the plantlets were replaced with large tubers as the inocula- 
E1Onamaterial tnesresponse, of Ps pectinatusmto thes treatnentSe-P5.—h-Ca, 
O remained comparable to those in Table 4. For the standard -P treat- 
ment tuber-started plants produced a greater biomass but a smaller 
absolute increase (Table 6) than for plantlet -P treatments (Table 4). 
The tuber-started plants in the -P treatment, however, produced an 
amazing 295 inflorescences in only 5 weeks growth (Table 6). For the 
-P-Ca treatment the tuber-started plants eventually died as recorded in 
Tables 4 and 5 but there was a 3-wk lag time due to the stored reserves 
in the tubers. For the distilled water treatment the growth differences 
between the -P and 0 treatments in the tuber-started plants were 
evident after two weeks growth, a somewhat slower response than for 
the plantlet-started experiments. Subsequent plant growth in distilled 


water was minimal (Table 6). 
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TABLE 5 


Biomass (mg. dry wt. + S.E.) production on three sediments for 


two water-phase nutrient conditions. 


Nutrient Sediment Biomass | Survival Floral 
Status Gitcis Gliay (hen =e Sue.) Rate Clusters 
-P-Ca W. «| 0 

Co. * 0 

Uae x 0 
nak W. 2956 + 591 0.8 7 

Co. 2OS Tie on 2 0.8 A 

Ja 3307 + 7/04 0.8 i, 


Vy Indicates plant death. 


Grown ten weeks. 
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Piate 7. 


Fully mature P. pectinatus plants in fruiting stage 
after 7 weeks growth in a -P-K nutrient solution. 
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TABLE 6 


Final biomass (mg. dry wt. 


tubers as inoculum material. 


Nutrient 
Status 


-P-Ca 


T 


Biomass 
Initial 
(mg. fresh wt.) 
502 
3/5 
868 


at 
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S.E.) after 5 weeks growth using 


Final 
(mg. dry wt.) 


2406 + 


He 
CO 
Ww 


URGer be 2 
ZOE 20 


Plants died three weeks after planting. 


n 


Floral 
Clusters 


295 
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It is clear from these results that different seasons, and initial 
propagating materials produced a quantitative and not a qualitative 
difference in response of P. pectinatus plants to the water-phase 
nutrient status and that the nutrient survey results are in fact due to 
the water-phase nutrient formulations. The effects of using different 
sediments were negligible. 

The most dramatic effects on P. pectinatus growth were produced by 
the removal of Ca from the water phase (Tables 4, 5, and 6) or by the 
removal of all nutrients from the water phase (Tables 4 and 6). It is 
evident that there are definite water-phase nutrient requirements for 
the growth and survival of P. pectinatus. Minimum water-phase nutrient 
requirements for normal growth of P. pectinatus are presented in Table 
7. The reduction of all nutrients to one-tenth (0.1-P) that of the 
standard -P treatment reduced growth to that of the distilled water 
treatment. This was not a Ca effect since plants in 0.1-Ca-P treatment 
grew normally (Table 7). The significant difference between the -P and 
0.1-P treatment was the reduced alkalinity and/or conductivity of the 
latter. Increasing just the alkalinity, however, (+NaHCO, ) improved 
growth only slightly. The further addition of Ca (+Ca, +NaHCO, ) 
improved biomass production to the level of the -P-Mg treatment (Tables 
4 and 7) but still not to the level of the -P standard. Plant biomass 
production became statistically identical to that of the -P standard 


in the +Ca+Mgt+NaHCO, treatment (Table 7). The further addition of K 


3 
did not increase biomass production significantly, though an increase 
in flower production did occur (Table 7). 

The role of conductivity, i.e. the water-phase electrochemical 


milieu, in the growth of P. pectinatus is somewhat more obscure than 
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TABLE 7 


Minimum water-phase nutrient requirements. Biomass (mg. dry wt. 


+ S.E.) after 5 weeks growth in relation to water-phase nutrient 


Status. 

Nutrient Biomass Conductivity Survival Floral 
Status (mg. dry wt. 29S 7Es) (umhos. cm-1!) Rate Clusters 
0 19 + 5 19 1.0 

OeleP oon any 62 0.7 

EPEG. 1 Ca eG) VBR 266 1.0 20 
+NaHC0.° Sips Ae Be 0.7 

+Ca 4 

+NaHC0, Bove) de YZ 104 0 

+Cat+Mg 

+NaHCO. 615213 Ay 1.0 ] 
+CatMg+K 

+NaHCO., SlOre 891 280 0.9 10 
Standard 

(-P) 780 + 88 337 0.8 1 


ayalue significantly less than (-P) standard and significantly greater 
than distilled water treatment at the 5% level using student's t-test. 


‘Nutrients added at 0.1 of the standard amount. 


en "4" indicates the addition of a nutrient to distilled water. 
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alkalinity since, with the addition of Ca, Mg and NaHCO. at standard 
levels, the conductivity was already over 200 umhos. Onin a value 
reported by Seddon (1972) to be sufficient for the success of P. 
pectinatus. Such a conductivity was clearly adequate in this case. 

The results in Table 4 indicate that the absence of water-phase 
Ca was toxic to the plants, but only in a full nutrient solution and 
not in the distilled water treatment. 

The question of calcium toxicity is further reported in Table 8. 
In the -Ca-P and -Ca-K-P treatments the plants turned necrotic in 4-6 
days and slowly disintegrated. In the -Ca-mi-P and -C-mi-K-P treatments 
the plants turned dark brown in 8-10 days and slowly disintegrated. 
However, in the -Ca-Mg-P treatment the P. pectinatus plants became 
bleached and disintegrated in less than seven days. Finally, in the 
-Ca-Mg-mi-P treatment the plants survived (Table 8), with a biomass 
production similar to the plants in the -P-Mg treatment (Table 4). This 
indicates that it is not the absence of Ca but the presence of toxic 
divalent cations in conjunction with the absence of Ca in the water 


phase that is inimical to the survival of P. pectinatus. 
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TABLE 8 


The apoplastic calcium requirement. Biomass (mg. dry wt. + S.E.) 


after 5 weeks growth in relation to water-phase nutrient status. 


Nutrient Biomass Floral 
Status (mow dryiwt.eees5 Ee) n Clusters 
Standard 

(-P) Vi SHERI eC 10 13 
-P-Ca +! 10 

-P-Ca-K ee 10 

-P-Ca-mi< cs 10 

-P-Ca-Mg * 10 

-~P-Ca-K-mi te 10 

-P-Ca-Mg-mi 239] + 59 10 


lee Indicates plant death. 


eMicronutrients. 


34 "_" indicates the absence of a nutrient from the water-phase. 


864 gnificantly less than the -P standard at the 5% level using student's 
C=tese. 
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DISCUSSION 


Potamogeton pectinatus L., like many other submerged aquatic plants, 
is ecologically adapted to grow with its roots buried in the anaerobic 
sediment phase and its shoots submerged in the aerobic water phase. 
Mineral nutrients for the growth of these plants are potentially avail- 
able from both the sediment and water phases. Determining which 
nutrients can be mobilized from the sediment by the roots and which must 
be absorbed by the shoots directly from the water phase is an important 
step in the understanding of several problem areas in aquatic research. 
Such knowledge is needed for the elucidation of nutrient cycling in 
aquatic systems, for a better understanding of nutrient-loading effects 
on macrophyte growth and macrophyte-algae interactions and for an 
explanation of observed correlations between water-phase nutrient 
status and macrophyte distribution. 

The results presented indicate that the roots of P. pectinatus 
have differential mobilization abilities depending on the specific 
mineral nutrient in question. Phosphorus is one of the nutrients 
sufficiently mobilized by the roots of P. pectinatus from the sediment 
in the absence of water-phase phosphorus to support large increases in 
plant biomass (up to 250-fold in five weeks), abundant flower product- 
ion, and normal seed development. These results are in agreement with 
those of Bole and Allan (1978); Carignan and Kalff (1980); and Barko 
and Smart (1979, 1980, 1981) whose findings not only indicate that 
submerged macrophytes can obtain needed phosphorus from the sediment 
but that even at hypereutrophic water-phase phosphate concentrations 


the majority of plant phosphorus comes from the sediment (Carignan 
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and Kalff, 1980). It is thus clear that submerged macrophytes, such 
as P. pectinatus, are protected from periods of phosphate depletion in 
the water phase that can occur and even contribute to the phosphorus 
content of the water-phase by mobilizing otherwise unavailable sediment 
phosphorus through uptake and subsequent plant injury and decay 
(Demarte and Hartman, 1974; Barko and Smart, 1980) or excretion (McRoy 
and Barsdate, 1972). The results also suggest that a prolonged increase 
in phosphorus loading of a body of water may have a deleterious effect 
on submerged macrophyte growth due to increased competition between 
macrophytes and benthic or planktonic algae for light and inorganic carbon. 
Nitrogen, sulfur, and the micronutrients can also be sufficiently 
mobilized from the sediment to support normal growth of P. pectinatus 
in the absence of these nutrients from the water phase. Barko and 
Smart (1981) have obtained similar results for nitrogen, suggesting that 
root mobilization of nitrogen from the sediment is sufficient for shoot 
requirements. Nichols and Keeney (1976), however, using a slightly 
different approach, go further and suggest that submerged macrophytes 
are flexible about nitrogen uptake and will appropriate water-phase 
nitrogen in significant amounts when available. A critical study, 
such as that done by Carignan and Kalff (1980) for phosphorus, to 
determine the actual contribution of sediment nitrogen for macrophyte 
needs under natural conditions has not been done. However, the fact 
that water-phase nitrogen is second in demand only to water phase 
phosphorus in aquatic ecosystems (Wetzel 1975) suggests that the 
sediment would often be the principal source of nitrogen for these 


plants. 
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Less work has been done on the mobilization of sulfur and micro- 
nutrients by the roots of submerged aquatic plants. Cushing and Thomas 
(1980) have examined the availability of copper and zinc and have 
concluded that adequate amounts of these nutrients can be obtained from 
the sediment for plant requirements. 

The consequences of removing potassium from the water-phase are 
somewhat more complicated. In this study, the roots of P. pectinatus 
mobilized sufficient potassium for normal biomass production from three 
different sediments with a ten-fold variation in potassium concentration. 
Barko and Smart (1981) and Barko (1982), however, found that on four of 
Six sediments tested with several species of submerged macrophytes, 
absence of water-phase potassium caused significant reductions in 
biomass production. It appears that potassium mobilization from the 
sediment varies considerably with species as well as sediment. Never- 
theless, in the absence of water-phase potassium a significant 
reduction in potassium concentration always occurred in the shoots of 
P. pectinatus and in the plants Barko and Smart (1981) and Barko (1982) 
tested. Furthermore, in the case of P. pectinatus, the loss of 
potassium ions was almost exactly compensated for by a gain in sodium 
ions. Barko and Smart (1981) and Barko (1982) did not analyze for 
sodium. These results suggest that there is a component of potassium 
content above that needed for normal biomass production whose function 
is sufficiently general to enable sodium ions to replace it if necessary 
and maintain a steady internal monovalent cation concentration. Such 
a general purpose requirement could be the regulation of osmotic 
potential and the neutralization of anions in the plant cells (Clarkson 


and Hanson, 1980). It is important to stress that submerged macrophytes 
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are probably never potassium-limited since both sediment- and water- 
phase potassium concentrations are naturally high and fluctuations, 
either biotic or manmade, unusual. 

Magnesium is a nutrient clearly not mobilized from the sediment 
in sufficient quantities to satisfy shoot requirements. The absence 
of magnesium from the water-phase reduced the biomass production of 
P. pectinatus to about half the standard treatment. This water-phase 
magnesium requirement may be caused by the small absorbtive surface 
area of roots found in aquatic macrophytes compounded by the fact that 
only a narrow sub-apical region of unsuberized root tissue is capable 
of divalent cation absorption (Ferguson and Clarkson, 1976) and by the 
Slow acropetal flow in the xylem on which magnesium transport is 
relatively strongly dependent (Pitman, 1977). 

The most dramatic effect on the survival of P. pectinatus occurred 
with the removal of calcium from the water phase which caused plant 
death in four to six days. This effect was prevented by the presence 
of 2 ppm calcium in a full nutrient solution or by the removal of all 
divalent cations from the water phase, including calcium. There is thus 
an apoplastic calcium requirement that cannot be satisfied by mobili- 
zation of calcium from the sedimentcaused, at least in part, by toxic 
divalent cations. The first documentation of such an external 
calcium requirement was by Epstein (1960), using excised barley roots. 
More recently, Clarkson and Hanson (1980), in a review, state that 
calcium is the major cation in the protein-pectin cement of the middle 
lamella and is essential to the maintenance of membrane integrity and 
jon selectivity. Calcium has also been implicated in specific binding 


to the HCO. transport enzyme as a cofactor (Lucas and Dainty, 1980). 


3 


prancing SAF cath hen Naam Sqn 
= siieaty GAT esti Vege. Sonate hed 

: ri ioatiqnd seminar pty, Sceubvey 2 
un aha OAT dene? inegtonge aoe Di Os a 


sca act corp .dee ‘iett ets to ie ow an 


a > ab Witenrrsioogys pioniea) 15 eMe BP 
: Sy ie? “WASehe Peyantya i 
iG Cet ceplackion bt awte, Danuta Aude marke aS 

ee oe ee 
TO) thy -e) sepbnaeds Yi pte alae | 
eee -cleasty 3 to-1g ie 68! om Gee gi ie eee ee 
panic ‘hw @4aln) 4e2pts aia pwratie Yo 1eegied wt tt 
t oma Hh a! ona Ge ase7Te B65 ei #12 OF MROT ah, fowler (an = 
ie TA hehe! Cr wal te abttuhye goo lem fig) a el me a8, 7 
wes Ct SGU cel Sanyal (eas “Sigh sy writ sratges doin Fag ti St 
wir at tee bs cee ESS Seer OD mutates an 
buy Hol Somat Bi ewy stm otha eT welt aay Te eee 


‘wed wwe 1), Maen So, lool! ee. aphasia 
Tray “GT Dee eae ar ey ie gi ee sony ran ey ats A} a = 
7S) Cieds ee St © Wes) cot fey - fener qi tances, a 


a 


+a 94). © bogs CO aed GS er) ot OOS ee Og i at ‘i 
| | a 
fyi i Paps oN Reyer aA ot pei eaaay arama 

nlite 2 se 6 iv: hepaied aeitrreles oe ate) )yeitt <a, 


aan" spe Pe age &, x a 


- - = - 
, wee , ‘ 


49 


Most importantly, Epstein (1972) has suggested that the greater the 
toxic cation concentration the greater is the necessary apoplastic 
calcium concentration. The results presented here are consistent with 
this hypothesis and imply a competitive interaction between calcium and 
other divalent cations for the above-mentioned binding site on the 
membrane and otherwise. In the case of P. pectinatus these toxic ions 
are the micronutrients and magnesium. 

The results of this study have implications for lake acidification, 
which solubilizes significant quantities of micronutrients from the 
sediment. If, as Epstein (1972) suggests, the apoplastic calcium 
concentration requirement depends on the concentration of the other 
toxic ions, such an increase in micronutrient cations could prove toxic 
by the displacement of calcium from essential sites in the apoplasm. 
The addition of Ca CO, would prove doubly effective in counteracting 
this problem by decreasing the fa concentration and increasing the 
calcium concentration, thereby increasing the competitive ability of 
the calcium for apoplastic sites on submerged macrophytes. 

One of the most dramatic reductions in P. pectinatus biomass 
production occurred with the removalof a significant DIC pool from the 
water phase. The roots are not able to supply the shoots with any 
appreciable inorganic carbon from the sediment. This confirms the 
earlier work of Martin, Bradford, and Kennedy (1970) who found that 
Najas flexilis must obtain its inorganic carbon from the water phase. 

These results suggest that the causative factor in the exclusion 
of hardwater species from softwater of low alkalinity is primarily the 
water phase DIC requirement and possibly the low calcium and magnesium 


concentrations. Species that do exist in oligotrophic waters of low 
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alkalinity have three morphological adaptations which overcome the 


problem of calcium, magnesium, and HCO. transport from the sediment. 


3 
A typical softwater species such as Lobelia dortmanna L. has a large 
root biomass aided by vesicular-arbuscular (VA) fungal associations 
(Sondergaard and Laegaard, 1977) and a short, telescoped stem. They 
also develop a significant aerenchymous network sufficient for large- 
scale CO, transport (Wium-Anderson, 1971). It would be interesting to 
extend the work with P. pectinatus to the examination of Lobelia 
dortmanna and determine if there are any water-phase nutrient require- 
ments for this species. 

One further observation, not strictly connected to the biphasic 
mineral nutrition of P. pectinatus, is the striking seasonal periodicity 
observed in the production of P. pectinatus biomass. Production in 
plants cultured in the fall-winter was slightly more than half of the 
production of those cultured in the spring-summer, even though the 
plants were totally separated from the external environment. This 
occurred in the tank experiments after the stock cultures had been 
growing in constant light and temperature conditions for over one year 
and continued through two summers and two winters of experiments. 

There were no changes in L:D ratios or temperature throughout the 
experimental period and no external light or temperature environmental 
cues. Though this is not conclusive evidence it certainly does suggest 
that there is an internal seasonal periodicity in the growth of P. 
pectinatus independent of obvious external environmental cues. 

To summarize, therefore, this study has shown that the roots of 


Potamogeton pectinatus are capable of mobilizing sufficient phosphorus, 


nitrogen, sulfur, and micronutrients from the sediment to the shoots (Fig. 
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to meet normal growth requirements under the experimental conditions. 
Potassium is also sufficiently mobilized from the sediment by the 

roots to fulfill growth requirements but not in sufficient amounts to 
satisfy a more generalized additional requirement that is probably 
related to anion neutralization and maintenance of osmotic potential. 
In the absence of potassium from the water phase, this ancillary 
requirement appears to be adequately replaced by sodium, although the 
vigor of the plants may suffer somewhat by the exchange. The roots of 
P. pectinatus are not capable of mobilizing sufficient magnesium, (Fig. 6) 
calcium or any inorganic carbon from the sediment to the shoots to meet 
normal growth requirements. The presence of 2 ppm calcium, 10 ppm 
magnesium, and 0.5 meq. HCO. in the water phase will permit normal 
growth to proceed. In addition, water-phase calcium 71s necessary to 
prevent the toxicity of other divalent cations present in the water- 


phase to P. pectinatus plants. 
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Figure 6. 


The ability of P. pectinatus to mobilize nutrients. 
P, N, S, K and mi. can be completely supplied to 
the shoots from the sediment (solid arrows). Ca 
and Mg must be at least partially supplied to the 
shoots from the water phase (dashed arrows). DIC 
must be supplied completely from the water phase 
to the shoots (solid arrow). K (or Na) must be 
supplied from the water phase to maintain internal 
cation concentrations (clear arrow). 
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APPENDIX 


The nutrient formulation modified from Pringsheim and Pringsheim (1962) 


used in the monophasic stock cultures of P. pectinatus. 
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Nutrient 


KNO. 


(NHq ) HPO, 


MgSO, ° 7H,0 


CaSO, (saturated) 


Minor element solution 


TRIS 


Nutrient 
EDTA 


FeSO, °7H,0 


ZnSO, °7H.50 


Mn SO, °4H,0 


CuSO, °5H,0 


HB0., 


Co(NO.).°6H 0 
Na molybdate: 2H,0 


Minor Element Solution 


pH 8.0 - 8.2 


Composition 


0.02% 
0.002% 
0.001% 
2m1/100m1 
1m1/100m1 
OGy | 


Composition % 


0.02 
207 
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